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   SrCoO2.5 (SCO) is a charge transfer insulator with 3d
6 ground state configuration leading to 
antiferromagnetic nature. It is observed that substrate induced strain engineering modifies the 
ground state of SCO thin film with 3d7L (L: O-2p hole) configuration causing negative charge 
transfer energy () The consequent strong hybridization between O-2p and Co-3d bands causes a 
hole in O-2p band leading to hole mediated unconventional ferromagnetic ordering in SrCoO2.5 
thin film. This opens up a new avenue to tune the electronic structure vis a vis magnetic property 
via strain engineering.  
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   The exotic electronic and magnetic properties revealed by the transition metal oxides (TMOs) 
arise due to the competing forces encountered by transition metal (TM)-3d electrons, such as 
electron-electron Coulombic interaction which favors localization of electrons, and TM 3d-O 2p 
hybridization which facilitates the electrons delocalization. According to Zaanen-Sawatzky-Allen 
(ZSA) model [1], electronic properties of these materials hugely depend on the relative magnitude 
of the ligand to metal charge transfer energy  =E(dn+1L)-E(dn) i.e. the energy required for dn →dn+1L 
(L: O-2p hole), and the intra-atomic d-d Coulomb repulsion energy Udd [1]. In the Mott-Hubbard regime, 
where Udd <  the band gap corresponds to the charge fluctuations dn dn =dn-1 dn+1 (d-d type), with 
magnitude ~Udd. Whereas, in the charge transfer regime, where   Udd, the band gap corresponds 
to the charge fluctuations dn dn =dnL dn+1 (p-d type), with magnitude ~. If  is small compared to 
the O 2p-TM 3d hybridization strength, the overlap between the dn and dn+1L configurations 
becomes strong and the contribution of dn+1L configuration to the ground state is considerable [2]. 
Accordingly, in highly covalent TMOs, the ground state domination is of dn+1L configuration, 
consequently the charge fluctuations can be perceived as dn+1L dn+1L =dn+1L2 dn+1 (p-p type). This 
type of material is regarded as the negative charge transfer material, wherein the band gap is neither 
a d-d type, nor a p-d type, rather it is a p-p type [3-8]. Several interesting physical properties of 
various TMOs are owed to the negative charge transfer behavior such as, superconductivity in 
LaCuO3 [9], metal-insulator transition in RNiO3 (R: Rare earth elements) [10-12], diamagnetism 
in NaCuO2 [3,13], ferromagnetism in SrCoO3 [14-16].  
   Tuning Udd and  manifests striking modifications in the electrical and magnetic properties of 
TM based materials and demonstrates huge potential for applications [7,17-20].  hugely depends 
upon the TM 3d-O 2p hybridization and decreases with increase in hybridization. Thus, the TMOs 
with lower values of  and 3dn ground state can be maneuvered to adopt a negative value of  and 
3dn+1L ground state by tuning hybridization via strain in the system. Strontium cobaltates SrCoO3-
 (0≤ ≤0.5) belong to the strongly correlated electron systems, which have been hugely studied 
because of their well-endowed structural, electronic, and magnetic properties and reveal huge 
potential for catalyst, solid oxide fuel cell, and spintronic materials −. SrCoO3 is known to 
show negative  and accordingly its ferromagnetic ground state is explained [15]. However, the 
electronic structure of SrCoO2.5 (SCO) is rather unexplored, though its  value is believed to be 
small due to higher covalent character of Co3+ based materials [25,26] and positive because of 
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existing Co3+-O-Co3+ antiferromagnetic super-exchange interaction [15,27]. Thus, SCO is an ideal 
material to study the effect of modulation in  on the electronic and magnetic properties. In the 
present study using the combined valence band spectroscopy (VBS) and x-ray absorption 
spectroscopy (XAS) we show that  of SCO can be tuned via epitaxial strain in thin film form to 
a negative value, which interestingly leads to an unconventional ferromagnetic state. Tuning the 
position of SCO via strain in the ZSA diagram from positive to negative  regime and consequent 
changes in its magnetic ground state open up a new route for modifying the electronic and magnetic 
properties of various such materials to adopt novel properties with various technological potential 
applications. 
   To probe the electronic structure, we prepared a 30 nm thin film of SCO on (001) SrTiO3 (STO) 
substrate. Details of the sample preparation and characterization methods are discussed in the 
supplementary material. X-ray diffraction (XRD) pattern confirms the single phase and epitaxial 
growth of the SCO film along c-direction (Fig. S1(a)). Due to the lattice mismatch with the STO 
substrate, the calculated pseudo-tetragonal out of plane lattice parameter of SCO film (3.940Å) is 
larger than that of bulk SCO (3.909Å) [21]. RHEED intensity oscillations during the deposition 
indicate a layer by layer growth of SCO film (Fig. S1(b)). The Co-2p core level x-ray photoelectron 
spectroscopy (XPS) reveals spin-orbit split 2p3/2 and 2p1/2 states at 781.3 and 796.8 eV binding 
energy positions (inset of Fig. 1(a)), indicating Co3+ formal valence of SCO film [28,29]. Two 
other strong peaks at 786.3 and 803.3 eV correspond to the shake-up satellite of Co 2p3/2 and 2p1/2 
states respectively [29].  
   Figure 1(a) shows the room temperature (RT) VBS of SCO film recorded at photon energy (PE) 
52 eV. The observed VBS was fitted with the minimum number of Gaussian peaks, designated as 
features 1 to 8 using XPSPEAKFIT4.1 software, which adequately represent the major features of 
the spectrum. To distinguish the TM-3d state contribution to the VBS [30], we performed the 
resonance photoemission spectroscopy (RPES). For RPES, VBS is recorded at the PE values from 
52 to 70 eV, swept through Co 3p →3d excitations. The variation of the spectral intensity for 
different features in the VBS with the incident PE is more clearly revealed in the constant initial 
state (CIS) plot (Fig. 1((b), (c)).  
   In RPES, the atomic O-2p photoionization cross-section decreases gradually with the PE, 
whereas, maximum photoemission intensity at a given PE occurs due to the interference between 
the direct Co-3d photoemission process: Co3p63d6 + hυ →Co3p63d5 + e- and intra-atomic photon 
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induced excitation process: Co3p63d6 + hυ →Co [3p53d7]*, followed by the emission of a 3d 
electron through a super Coster Kronig decay, i.e. Co [3p53d7]* →Co3p63d5 + e- for Co-3d derived 
state [31,32]. It is observed that the features 4 (5.0 eV) & 5 (5.9 eV) do not show any resonance 
(not shown here) confirming their O-2p band nature. For La1-xSrxCoO3, the nonbonding O-2p band 
occurs between 4.5 to 5.1 eV depending on the doping percentage [32,33], thus, feature 4 (5.0 eV) 
is ascribed as O-2p nonbonding orbital. The features 1-3 (at 1.4, 2.1, and 3.1 eV respectively) and 
6-8 (at 7.3, 9.9, and 12.3 eV respectively) show resonance phenomena, indicating their Co-3d 
derived states (Fig. 1(b), (c)).  
   Generally, for 3dnL final state, CIS spectra exhibits an anti-resonance dip, whereas for the 3dn-1 
final state, CIS spectra exhibits a simple resonance enhancement without a considerable anti-
resonance dip. To better understand this, the CIS spectra were fitted with the Fano line equation 
[34], as the line shape of the resonance, 
                                                           I (w) = Io(w)
(𝑞+𝐸)2
1+𝐸2
+ INR(w)                
where, Io(w) is the 3d emission in the absence of the auto-ionizing transition, INR(w) is the 
noninterfering background contribution, E =(hυ-ER)/: ER and  being the energy and the width 
of the resonance respectively, and q is the asymmetry parameter, determined by the magnitude and 
sign of the transition and interaction matrix elements. Generally, q is lower for hybridized Co 3d-
O 2p structures and higher for pure Co-3d structures, and is even higher for Co-3d satellite states 
[35-37]. Features 1-3 show considerable dip in the CIS plot and fit well for lower q values (0.37-
0.29 respectively), indicating towards strongly hybridized O-2p (3dnL final state) band character. 
Whereas, feature 6 reveals intense peak and q =2.63 divulging its dominant Co-3d (3dn-1 final state) 
character. Features 7 & 8 exhibit even much higher q values (4 & 4.2 respectively) confirming 
their Co-3d satellite states (Fig. 1(b), (c)), which is also known to occur for cobaltates above 8 eV 
binding energy [26,32].  
   Co L3,2-edge XAS of SCO film along with SCO bulk reference at RT are shown in figure 2(a). 
The Co-2p absorption spectrum corresponds to the transition from the Co-2p core level to the 
unoccupied Co-3d states. In film a small hump (feature S) appears at the lower energy side of L3 
at PE ~778.5 eV, which arises due to the charge disproportionation (CD) (3- & 3+) present in 
the film, where  depends on the TM 3d-O 2p hybridization strength [38]. L3,2 edge of bulk appears 
at the center of film’s L3,2 edges due to observed CD in film. Importantly, two feeble intense 
features R1 & R2 are also observed at the higher PE side of the L3 and L2 features. Its origin is 
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discussed later in the manuscript. Such features are indicative of the negative  in the SCO film, 
as suggested by M. Abbate et al. [39] for SrCoO3. Inset of figure 2(a) reveals O K-edge XAS of 
SCO film at RT. The O-1s absorption spectrum corresponds to the transition from the O-1s core 
level to the unoccupied O-2p states hybridized with the different states of Co and Sr. The first 
broad feature at position 530.4 eV is the hybridized O-2p band. We shall show later in the 
manuscript that this feature has dominant O-2p character with the presence of O-2p hole. The 
second feature at 534.9 eV is the O 2p-Sr 4d band and a broad feature (537 to 546 eV) is attributed 
to the O 2p-Co 4sp and O 2p-Co 4s hybridized states [16,39,40].  
   In order to understand the band structure near the Fermi-level (EF) of SrCoO2.5 film, we 
combined the experimental valance band (VB) and the conduction band (CB) (O K-edge XAS) in 
a single frame (Fig. 2(b)). The attributions of different features in VB and CB are already discussed 
earlier in the manuscript. It is revealed that the upper most region in the VB and the lower most 
region in the CB are both hybridized O-2p in nature suggesting a p-p type of charge fluctuations. 
This indicates that the studied SCO film is in the negative  regime. Figure 2(c) shows the 
schematic band diagram of a negative  material (left) [3] along with the experimentally observed 
different bands of SCO film near the EF (right). From the observed diagram, the calculated value 
of : the separation in energy between the center of O 2p-Co 3d hybridized band i.e. EF and O-2p 
band (feature 5) is -5.9 eV and also the value of Udd: the separation in energy between EF (center 
of O 2p-Co 3d hybridized band) and Co-3d band (feature 6) is 7.3 eV (Fig. 2(c)). The observed 
negative value of  from the combined spectra is further confirmed by the CTM4XAS simulation 
[41] performed on Co L-edge (Fig. S2(a)). For simulation, the values of the parameters which 
provided the best match with the experimental spectrum are as follows: the crystal field energy 
=1.6 eV, U2p3d −U3d3d =2.1 eV (U2p3d: 2p core hole-3d electron Coulomb interaction),  =-6 eV, 
and (pdσ) hybridization =2.1 eV. It is also noted that the feeble features (R1 & R2), vanish when 
positive value of  is considered. The Co L-edge XAS simulation for bulk SCO experimental 
spectra yields positive  ~3 eV, as expected and is shown in Fig. S2(b). 
   The strained films are known to exhibit unusual magnetic properties [20,42-45]. Due to the 
negative  of the strained SCO film and 3d7L ground state, in contrast to the positive  of the bulk 
SCO with 3d6 ground state, the magnetic property is envisaged to change from the 
antiferromagnetic nature in bulk. Magnetization (M) versus temperature (T) and magnetic field 
(H) at 5 K reveal ferromagnetic behavior of SCO film, with Curie temperature >360 K, saturation 
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magnetization (MS) value 1.8 B/f.u and coercivity 200 Oe (Fig. 3(a)). To understand the observed 
unusual ferromagnetic behavior, we write the ground state wave function for SCO as a linear 
combination of the possible states: 
                                               > = 3d6 + 3d7L + 3d8L2 +…. 
where, for the negative  nature,  must be greater than . Corresponding to the 100% 3d7L, i.e. 
 =, there is a presence of one hole in the O-2p band per formula unit (SrCoO2.5). This is 
equivalent to 1.6 and 2.4 number of holes in the CoO4 tetrahedral and CoO6 octahedral unit 
respectively. These created holes spin will align anti parallel to the Co-3d electrons spin in order 
to conserve spin angular momentum during hopping. Interestingly, due to the nearest neighbor anti 
parallel alignment of O-2p holes and Co-3d electrons, Co-3d spins will align parallel with each 
other, giving rise to ferromagnetic ordering (bottom inset of Fig. 3(a)) analogous to hole mediated 
ferromagnetic ordering in SrCoO3 [15]. Practically, the weight of 3d
7L configuration is much less 
than 100% in the SCO film, giving rise to two types of oxygen ions, one with the hole and other 
without hole. This will cause two different O-Co-O interactions. The interaction via an oxygen ion 
without a hole gives rise to antiferromagnetic super-exchange interaction, well-known for bulk 
SCO [27]. However, if there is a hole on the oxygen, the interaction is ferromagnetic because the 
hole facilitates the hybridization between the Co neighbors, as discussed above. Thus, the observed 
ferromagnetism in SCO film is an innate outcome of negative  of the film which could be due to 
the substrate induced strain. To further probe the effect of strain on  vis a vis magnetization of 
SCO film, we prepared another film of thickness 70 nm and studied their electronic and magnetic 
properties. 
   Interestingly, when thickness of the film is increased to 70 nm, MS drops to 0.6 B/f.u at 5 K 
(Fig. 3(a)). Due to the higher substrate induced strain in the thinner film than the thicker film 
(confirmed from XRD analysis), its in-plane Co-O-Co bond length is smaller causing greater 
charge transfer between O-2p and Co-3d bands. Therefore, the effective number of holes in the O-
2p band responsible for the parallel alignment of Co moments, is larger in the thinner film than the 
thicker film, leading to higher MS (1.8 B/f.u) for the thinner film.  
   Figure 3(b) shows the combined VBS and XAS spectra of 30 and 70 nm SCO films. It is observed 
that as strain relaxes partially with increase in thickness from 30 to 70 nm,  changes from -5.9 to 
-5.4 eV, revealed by the shift in O-2p band (shown by the shaded area) by 0.5 eV. Furthermore, 
energy region 1 to 4 eV in VB is observed to show larger spectral weight for the thinner film 
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signifying its larger O 2p-Co 3d hybridization compared to the thicker film. In the CB, feature A 
reveals larger spectral weight for the thinner film (Fig. 3(b)), suggesting larger O-2p hole density 
than the thicker film [20,45-48], which is also consistent with the variation in the Ms and . Further, 
the onset of Co L3,2-edge as well as its position is same in 30 & 70 nm films (Fig. 3(c)), suggesting 
Co3+ state in both the films. Thus, the variation in feature A of O K-edge (Fig. 3(b)) with thickness 
affirms its dominant O-2p nature.  
   The observation of ferromagnetism and the dependence of magnetization on the epitaxial strain 
appear to be an inherent outcome of the negative  character of the studied SCO films arising due 
to substrate induced strain. The claim is further substantiated from the Co L-edge spectra of 
different thickness SCO films (Fig. 3(c)), which divulge that while the spectral intensity of L3 & 
L2 features increases with thickness, that of R1 & R2 (attributed to the negative ) decreases.  
   The variation in Co spectral features can be understood from the atomic multiplet calculations. 
The ground state of Co3+ (3d6) yields L=2 and S=2, therefore, J must be 4, i.e. a 5D4 term symbol. 
For 2p XAS with final state 2p53d7, the allowed selection rule (S =0, L =0, ±1, J =0, ±1) 
suggests J׀ to be 3, 4, or 5, which gives LTOT =2, 3, and 4; and STOT =1 and 2. This provides one 
term with J׀ =5 (5F5) and two terms each with J
׀ =3 and 4 (5F3, 
5D3, 
5F4, and 
5D4). Accordingly, 
five transitions are allowed forming Co L3,2-edge (Fig. 3(c)). However, for negative  materials, 
the ground state of Co3+ ion will also have the dominant contribution of 3d7L besides 3d6. 
Therefore, Hund’s rule allows extra added level 4F9/2 to the ground state and 4G11/2, 4G9/2, 4G7/2, 
4F9/2, 
4F7/2, and 
4D7/2 to the excited state compared to the purely ionic Co
3+ configuration. 
Consequently, the extra transition from 4F9/2 to 
4F9/2 & 
4F7/2 and from 
4F9/2 to 
4D7/2 are added at the 
higher energy side of the main L3 and L2 features respectively, resulting in features R1 & R2 (Fig. 
3(c)). It is evident that with decrease in , the weight of 4F9/2 configuration in the ground state will 
further increase and that of 5D4 configuration will decrease causing higher spectral intensity of the 
R1 & R2 features as observed for the thinner film. This unambiguously establishes the role of 
thickness/ strain on the  and related spectral features. 
   It is apparent that the position in the ZSA diagram can be tuned via strain engineering in a 
compound for designing its electronic and magnetic properties. In SCO,  from positive for bulk 
is maneuvered to negative value through substrate induced epitaxial strain which triggers 
unconventional ferromagnetism. It is conceivable that  can be tuned through hydrostatic pressure 
also by doping with Ca or Ba such that the Co ions remain in the 3+ oxidation state. Here, it appears 
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that the charge transfer gap collapses for negative  and the compound should show metallic 
behavior. However, as a result of strong p-d hybridization, the first ionization state is a 3d7L like 
discrete state split-off from the 3d7L continuum (Fig. 2(c)) [3,4]. Although, locally the 3d7L like 
split-off state is created but whether it remains stable in the periodic lattice i.e. the band gap 
remains open or collapses that only depends on the atomic arrangements [4,49]. In this study, the 
band gap remains open due to the strong intra-cluster (pdσ) hybridization (2.1 eV) and weak inter-
cluster hybridization between the octahedral and the tetrahedral clusters, which drives the system 
to be in the negative  region, yet remaining in the insulating state.  
   In conclusion, the electronic structure of epitaxially strained SrCoO2.5 film illustrates a p-p type 
of charge fluctuations with the negative  in contrast to its bulk counterpart. The consequent strong 
hybridization between O-2p and Co-3d bands causes a hole in O-2p band leading to hole mediated 
unconventional ferromagnetic behavior in SrCoO2.5 film. Such modulation in electronic and 
magnetic properties via strain in SCO has huge potential for exploring other TMOs to adopt 
unusual properties. Indeed, heterojunction of such materials will lead to plethora of eccentric 
properties with huge potential for various applications.  
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Figure captions: 
Figure 1. (a) Room temperature deconvoluted VBS of the SrCoO2.5 film. Inset shows the Co-2p 
XPS of SrCoO2.5 film. (b) CIS plots of the features 1-3 and (c) CIS plots of the features 6-8; solid 
line shows the Fano line shape fitting.  
Figure 2. (a) Room temperature Co L-edge XAS of SCO film along with bulk SCO reference. Inset 
shows the room temperature O K-edge XAS of SCO film. (b) Combined spectra of valence band 
and conduction band of SCO film showing a p-p type of charge fluctuations. (c) The schematic 
band diagram of a negative  material and the experimentally observed different bands near the 
Fermi-level of SCO film. The opening and closing of the p-p type band gap is shown in the figure 
for large and small value of pdσ respectively.  
Figure 3. (a) Magnetization (M) Vs field (H) curve of 30 & 70 nm SCO films at 5K. Top inset 
shows M-T curve in zero field cooled (ZFC) and field cooled (FC) cycles measured at H =1000 
Oe. Bottom inset shows the schematics of Co-3d parallel spin alignment via O-2p hole. (b) 
Combined VBS and XAS spectra of 30 & 70 nm SCO films. (c) Effect of negative  on the atomic 
multiplet splitting (without considering the crystal field splitting), which leads to different spectral 
features in the Co L-edge XAS of 30 & 70 nm SCO films. 
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